INTRODUCTION
A subset of mammalian genes undergo genomic imprinting, an epigenetic phenomenon that determines gene expression (or repression) according to parental origin (only the allele inherited from the father or that from the mother is expressed). Imprinted genes are often clustered, and multiple regulatory gene expression networks are predicted to operate within the same imprinted locus, involving allele-specific methylation, chromatin modification, antisense RNAs, chromatin boundaries and silencers (1) (2) (3) (4) . However, if common genomic features conferring local epigenetic control exist within imprinted domains, they have not yet been identified.
Among the most extensively studied imprinted domains are the insulin-like growth factor-2 (IGF2)/H19 domain and the PWS/AS region involved in the Beckwith-Wiedemann and Prader-Willi/Angelman syndromes, respectively. The IGF2/ H19 domain is located at the human 11p15.5 locus (mouse chromosome 7F) and possesses two co-expressed and reciprocally imprinted genes located 70 kb apart at one end of a larger cluster of imprinted genes. In IGF2/H19, the parental-specific gene expression is mediated by a germline-specific differentially methylated region (DMR) located between IGF2 and H19 that functions as an insulator element upon the binding of CTCF, a methylation-sensitive DNA-binding protein (5) (6) (7) (8) . The Prader-Willi/Angelman syndrome chromosomal region at human 15q11q13 (mouse chromosome 7C) is characterized by another gene cluster containing several paternally expressed genes (the bicistronic SNURF-SNRPN locus and the MKRN3, NDN and MAGEL2 genes), while two genes, UBE3A and ATP10C, are expressed from the maternally inherited alleles (9) . Imprinted expression within this large (approximately 2-3 Mb) domain is coordinated by a bipartite cis-acting element encompassing a DMR and located upstream from the paternally expressed SNURF-SNRPN gene (10) (11) (12) (13) .
We and others have recently shown that the Prader-Willi/ Angelman syndrome chromosomal region and its counterpart in mouse also encode multiple, tandemly repeated C/D boxes containing small nucleolar RNA genes (or C/D snoRNAs) expressed only from the paternal chromosome (14) (15) (16) (17) . C/D snoRNAs guide the formation of 2 0 -O methylations of both rRNA and U snRNAs through a specific RNA duplex at each modification site (18) (19) (20) . However, the C/D snoRNAs at PWS lack a canonical antisense segment against rRNA and/or U snRNAs, suggesting that they can have other functions or modify other cellular RNAs such as mRNA (14) . Remarkably, Runte and colleagues (21) have recently shown that all the human PWS-encoded snoRNAs are processed from a single paternally expressed transcription unit. It starts at the IC and overlaps the maternally expressed gene UBE3A in an antisense direction. Deletion of the PWS-IC on the paternal allele in mouse results in the loss of Ube3a antisense expression and activation of the paternal Ube3a allele (22) . Although an RNAindependent chromatin mechanism might be involved in this regulation, this observation raises the possibility of a role for this snoRNA host gene in the silencing of paternal UBE3A gene expression (21) (22) (23) . Indeed, there are several examples of imprinted, proteincoding genes being physically linked to non-coding RNAs and exhibiting a reciprocally imprinted expression pattern. Transcribed from the other parental chromosome, these monoallelically expressed, non-coding RNAs are often transcribed as antisense RNAs relative to the sense, protein-coding genes: Igf2r/Air (24), KVLQT/LIT1 (25), UBE3A/UBE3A-AS (21, 23) and Nesp/Nesp-AS (26) . Reciprocally imprinted non-coding RNAs can also be transcribed in the same orientation as the protein-encoding gene, as described for both the Igf2/H19 and Dlk1/Gtl2 imprinted domains (3) . In most cases, the function of these RNAs remains to be established, but the available evidence suggests that this particular gene organization relative to regional controlling elements is crucial in the regulation of the two pairs of reciprocally imprinted genes (3, (27) (28) (29) .
Like the two better-characterized clusters of imprinted genes at chromosomes 11p15.5 and 15q11q13, recent data indicate that the DLK1-GTL2 region on chromosome 14q32/mouse distal 12 may also be part of a larger cluster of imprinted genes. Although still under investigation, the gene organization at this locus has been studied in the sheep and human, where two genes downstream of GTL2, namely PEG11 and MEG8, have been described and shown in the sheep to exhibit paternalspecific and maternal-specific allelic expression, respectively (30, 31) . In the mouse, Rian, a brain-specific non-coding RNA expressed from the maternal allele, has also been mapped to this region, although its precise location relative to Gtl2 has not been determined (32) . Comparative genomic analysis of imprinted domains between or within species can identify conserved genomic features that may be functionally important in imprinting control (31, (33) (34) (35) (36) . Using this approach, we describe here the identification of tandemly repeated C/D snoRNA genes located at the human 14q32 locus, adjacent to the imprinted DLK1/GTL2 domain. Most of these are intronencoded and processed from a complex transcription unit mapping to the MEG8 gene. Furthermore, we have identified other putative C/D snoRNA genes at orthologous loci in rodents. All of these C/D snoRNAs are brain-specific and expressed from the maternal allele only. Thus, the human imprinted 14q32 domain shares common genomic features with the Prader-Willi/Angelman syndrome chromosomal region (Fig. 1A) .
RESULTS
Searching for tandemly repeated C/D snoRNA genes at human 14q32
We have recently identified a rat C/D snoRNA, RBII-36, encoded in the Bsr gene (37) . The gene organization and tissuespecific expression pattern of RBII-36 are highly reminiscent of those of imprinted C/D snoRNAs at human 15q11-13/mouse 7C loci (14, 38) . The RBII-36 snoRNA gene maps to 6q31q32, a locus that is orthologous to mouse distal chromosome 12 and human 14q32, which harbour imprinted genes. Among the most well-characterized imprinted genes at this locus are Dlk1, a paternally expressed gene encoding a cell-surface membrane protein of the Notch-Delta family, and Gtl2/Meg3, a maternally expressed gene located 80 kb downstream and lacking conserved open reading frames (39, 40) . To identify putative human homologues of RBII-36 snoRNA genes, we searched the human 14q32 imprinted locus for the presence of direct tandemly repeated C/D snoRNAs. Three direct-repeat clusters (two snoRNA clusters I and II and one cluster of direct repeats, cluster R) have been detected in BAC sequences AL132709 (Fig. 1B) . Cluster I (nucleotide position $ 3700-24700) and cluster II (nucleotide position $ 28750-72260), are located approximately 40 kb downstream from PEG11 and contain 9 and 31 copies, respectively, of 70-75 nt-long related snoRNAlike sequences ( Fig. 2A) . Copies of these snoRNA-like sequences contain the characteristic C/D 0 /C 0 /D motifs (in that order) and also a terminal 5 0 -3 0 stem structure exhibiting the conserved sequence 5 0 -GGACC . . . GGTCC-3 0 . Despite a relatively high overall similarity of the snoRNA gene copies within each cluster, their sequence tracts upstream from either box D or box D 0 exhibit a substantial number of nucleotide differences among copies, as exemplified for snoRNA copies within cluster I, and do not represent potential antisense elements against rRNA or U snRNAs ( Fig. 2A) . Moreover, in agreement with our failure to detect specific RBII-36 homologues in human (37) , none of these sequences shows significant similarities with rat RBII-36 snoRNA. These sequences therefore represent novel human C/D snoRNA genes, and we propose to name them 14q(I) and 14q(II) for snoRNAs encoded in clusters I and II, respectively. By focusing on sequences conserved between human and ovine MEG8, we were able to identify a third intron-encoded C/D snoRNA gene present as a single copy and termed 14q(0) since it does not belong to a cluster ( Fig. 1) . Again, this C/D snoRNA, conserved between human and sheep ( Fig. 2A) , does not contain any obvious antisense element against rRNAs or U snRNAs. Further analysis downstream of the snoRNAs (nucleotide position $ 102260-144600) resulted in identification of two classes of $ 80-100 nt-long direct repeats (22 and 6 copies of A-and B-type, respectively) that do not exhibit snoRNA hallmarks (Figs 1 and 2B). All are in head-to-tail orientation, with a relatively irregular spacing between A repeats, while five of six B repeats are clustered and separated from each other by a 350-380 nt-long spacer sequence. Interestingly, one of these repeats, A22, is embedded within a conserved CpG island at the end of cluster R (Fig. 1B) .
The C/D snoRNAs are intron-encoded and processed from the tissue-specific non-coding human MEG8 RNA To learn more about the snoRNA gene organization and mode of biosynthesis, GenBank was searched for expressed sequence tags (ESTs) covering the snoRNA gene clusters. We identified several human spliced ESTs and putative exons overlapping this region, all of which appear to be devoid of significant protein coding potential (Fig. 1B) . Comparisons of genomic and cDNA sequences and RT-PCR analysis revealed that most of the tandemly repeated C/D snoRNA genes and also several A and B repeats are positioned within introns (Fig. 1B) . Interestingly, the AW026953 EST clearly connects the 3 0 part of MEG8 RNA with the 5 0 end of the snoRNA gene cluster I. Clusters I and II also appear to be transcribed from the same unit, as suggested by sequencing of a RT-PCR product 2 ( Fig. 1B) overlapping the two types of snoRNA genes. Taken together, this analysis suggests that the three novel types of human snoRNAs are processed from a single transcription unit that includes the MEG8 non-coding RNA gene. Northern blot analysis performed on total RNA extracted from a panel of human tissues showed that the three C/D snoRNAs, 14q(0), 14q(I) and 14q(II), exhibit the same tissue-specific expression pattern. The strongest expression was observed for the brain and the uterine mucous membrane and to a lesser extent within the heart, while only a very faint signal could be detected for all other human tissues analysed (Fig. 3 ). This expression pattern was compared with that of the snoRNAs encoded at 15q11-q13. While HBII-52 snoRNA was only detected in the brain, HBII-85 was detected at relatively high levels in the brain, uterine mucous membrane and kidney and at low levels in several other tissues ( Fig. 3) (14) .
The maternally expressed Rian transcript at mouse distal 12 chromosome encodes at least 9 C/D snoRNAs Hatada et al. (32) recently described a novel 5.4 kb maternally expressed brain-specific non-coding RNA gene, named Rian, that is closely linked to the Gtl2 gene on distal mouse chromosome 12. BLAST N database searches identified several mouse ESTs positive for Rian (data not shown), among them AK017440 cDNA harbouring four segments exhibiting 100% identity to the Rian transcript. Sequence analysis revealed that these segments of homology correspond to exons (exons a-d), since they are interrupted by sequences displaying splice donor and acceptor consensus intronic hallmarks at both ends (data not shown; Fig. 4A ). Moreover, AK017440 also displays homology with a 43 kb-long mouse contig 474407. By further sequence analysis, we could identify within AK017440 (32), fully spliced Rian RNA (AK017440), the Bsr gene (AB014883) and spliced Bsr RNAs as described in (37) . Exons are depicted by boxes, introns by a thick horizontal line and snoRNAs by a vertical bar. Rian exons closely similar to repeated E1 and E2 Bsr exons (37) are filled in grey and black, respectively. The repetitive element Lx7LINE/L1 at the 3 0 end of both spliced Bsr and Rian RNAs is denoted by a hatched box. Intronic sequences conserved between mouse Rian and rat Bsr genes are denoted by dotted boxes (the black oval in between depicts a repetitive ID element in the Bsr intron not found within the Rian gene). additional spliced exons (e-i), suggesting strongly that the Rian gene, as originally described, might represent an RNAprocessing intermediate. Remarkably, AK017440 cDNA also shares some sequence and structural features in common with the rat Bsr cDNA. First, Rian exon c displays 80% identity to the repeated E1 exons from Bsr RNA (37) (Fig. 4A) . Second, Rian and Bsr cDNAs both exhibit a conserved exon E2 sequence (82% identity) immediately followed by an Lx7/LINE1 repetitive element. Third, sequences of the last Bsr and Rian introns are very similar to each other (with two $ 264 and 155 nt-long segments exhibiting 72% and 76% identity; Fig. 4A ). These common features prompted us to look for the presence of RBII-36-related snoRNAs within the Rian gene. We could identify nine C/D snoRNAs genes, all of which are intron-encoded (Fig. 4A) . Surprisingly, they do not display significant homology with RBII-36 and are relatively divergent from each other (Fig. 4B) . C/D snoRNAs located within introns 3 and 6 correspond to mouse MBII-426 and MBII-343 snoRNAs, respectively, previously characterized by analysis of a cDNA library (41) . As for the other imprinted C/D snoRNAs, we could not detect potential cellular RNA targets based on appropriate complementarity. Interestingly, several copies of the MBII-343/426-related snoRNA cluster exhibit significant homology with several snoRNA copies within human cluster II, suggesting that the Rian-encoded snoRNAs might be the rodent counterparts of human 14q (II) snoRNAs (Fig. 5A, B) .
Identification of additional C/D snoRNAs at rat 6q31 and mouse distal chromosome 12
To gain more information about the imprinting status of snoRNA genes encoded at human 14q32, orthologous mammalian loci were searched systematically for the presence of putative C/D snoRNAs. During the course of this work, a portion of the rat Bsr genomic locus was deposited in GenBank (accession no. AC096504); 33 copies of RBII-36 ( Fig. 5A ) as well as 7 other C/D snoRNA genes were detected in this portion. Four of these are related to each other and similar to the previously identified mouse MBII-19 and MBII-78 snoRNAs (41) , which seem likely to represent variants of the same snoRNA species (data not shown). The three other rat C/D snoRNA genes display strong homology to the mouse C/D snoRNA MBII-48 and MBII-49 ( Fig. 5) (41) and also interestingly to the several human 14q(I) snoRNA gene copies (Fig. 5B) . Through BLAST searches, we then focused our attention on the genomic organization of the mouse homologues. Interestingly, MBII-48 and MBII-49 snoRNAs were both detected within contig 474407 containing the Rian gene (Fig. 5A) , in addition to several other C/D snoRNAs that are more particularly related to some of the human 14q(I) snoRNA copies (Fig. 5B) . By using a mouse BLAT search at http:// genome.ucsc.edu/, a putative mouse homologue of the human 14q(0) snoRNA (Fig. 5B) was also detected within contig 116642 embedded within a region of strong homology to human MEG8. Finally, five related C/D snoRNAs, including MBII-19 and MBII-78 snoRNAs were also found within mouse contig 064202871. PCR analysis of a partially characterized BAC containing Gtl2 (RP23-60E10) confirmed that these snoRNA genes are actually encoded by the mouse distal 12 imprinted region (data not shown). RT-PCR experiments and analysis of mouse ESTs overlapping the mouse snoRNA genes showed that MBII-48, MBII-49 and other flanking C/D snoRNAs are also intron-encoded and processed from a transcript physically linked to Rian RNA (Fig. 5C) . Several of these rodent snoRNA genes contain one or two base substitutions within the C/D motifs (Fig. 5B) , and could possibly be unstable or non-functional. Consistent with this, expression of several of them was undetectable on a northern blot (data not shown).
The brain-specific C/D snoRNAs are imprinted in mouse
Northern blot analysis of total RNA extracted from mouse adult tissues shows that all the mouse C/D snoRNAs located at mouse distal chromosome 12 are only expressed within the brain. These include MBII-19, MBII-343 and MBII-426, which were previously reported as ubiquitously expressed, possibly as a result of probe cross-hybridization (Fig. 6A) (41) . Expression levels of C/D snoRNAs at mouse distal chromosome 12 have also been studied during brain development. Northern blot analysis performed at various developmental stages (Fig. 6B) showed that all C/D snoRNAs located at distal chromosome 12 are expressed within the embryo (E11-E15), the newborn (postnatal days P0-P7) and the adult. During brain ontogeny, the level of snoRNA expression is roughly constant or slightly increased. This developmental expression pattern is very different from that observed for MBII-52 and MBII-85 snoRNAs (encoded at chromosome 7C), which are very poorly Figure 6 . C/D snoRNA genes encoded at mouse distal chromosome 12 are brain-specific and expressed only from the maternal chromosomes. Each lane has been loaded with 10 mg of total RNAs extracted from different mouse adult tissues as specified at the top of each lane in (A), or from developing mouse embryos (E11-E15), newborn (P0-P7) or adult brains in (B), or from embryos (E15.5) with either maternal or paternal uniparental disomy for chromosome 12 (matUPD12 and patUPD12, respectively (55)) in (C). Samples were fractionated on a 6% acrylamide/7 M urea gel and analyzed by northern blot with 32 P-labelled oligonucleotide probes (see Materials and Methods). A 5.8S rRNA probe has been used as gel loading control. Signal intensities (ratio snoRNA/5.8S rRNA signal) were quantified with a Fuji-Bas-1000 imager. M, DNA marker. expressed between E11 and E15 but are highly upregulated after birth.
We then examined whether the C/D snoRNAs were subjected to genomic imprinting as predicted for genes encoded within this mouse distal chromosome 12 region. As shown in Figure  6C , E15.5 embryos with two maternal chromosomes 12 (matUPD12) express all the C/D snoRNAs analysed. Moreover, for most of them, the expression level is approximately twice that seen for normal embryos as determined by quantification of the hybridization signal (data not shown). Conversely, none of those snoRNAs was detected in total RNA extracted from embryos having two paternal chromosomes 12 (patUPD12), showing that all of these snoRNA genes are imprinted and expressed only from the maternal allele. As a control, we also checked the expression of the two C/D snoRNAs located at 7C. As expected, they were unaffected in UPD12 embryos.
DISCUSSION
Comparative genomic organization and expression of C/D snoRNAs at human 15q11-q13 (mouse 7C) and 14q32 (mouse distal 12)
Imprinted DLK1/GTL2 and IGF2/H19 domains at human 14q32 and 11p15.5, respectively, appear to share several genomic and epigenetic features that may be involved in the regulation of these two pairs of reciprocally imprinted genes (3, 35, 36, 39, 40, 42) . In this work, multiple tandemly repeated C/D snoRNA genes at human imprinted 14q32 and at its orthologous region on mouse distal 12 chromosome were identified. These C/D snoRNAs have a gene organization strikingly reminiscent of that previously reported for the PWS/ AS region (14) (15) (16) (Fig. 1 and Table 1 ). Indeed, both imprinted loci are characterized by a complex transcription unit spanning arrays of tandemly encoded C/D snoRNA genes, giving rise to a spectrum of alternatively spliced non-coding RNAs, mostly consisting of short repeated exons that are not conserved between human and rodents. All 14q32-encoded C/D snoRNAs appear to be derived from a unique transcription unit encompassing MEG8, similar to the PWS-encoded C/D snoRNA (21) (Fig. 1B) . However, despite their related gene organizations, the two loci differ in both snoRNA expression pattern and genomic features around the snoRNA host genes. While the three different snoRNA species encoded in human 14q32 have the same tissue-specific expression pattern, the expression patterns of HBII-52 and HBII-85 snoRNAs at the PWS/AS region differ considerably from each other (Fig. 3) . Since the PWS-encoded snoRNAs are produced from the same primary transcript (21) , this might reflect brain-specific differential processing of the more distal part of the SNRPN-SNURF-snoRNA host transcript. Unlike human snoRNAs, all mouse distal 12-encoded C/D snoRNAs are mainly detected within the brain, and their level of expression is variable according to the snoRNA species -but always lower than that of 7C-encoded snoRNAs, which are among the most abundant C/D snoRNA within the brain (37, 41) . Mouse 7C-encoded C/D snoRNAs are predominantly expressed in the adult from the paternal allele (Fig. 6B) (14) , while the mouse distal 12 snoRNAs are transcribed from the maternal allele and are expressed during brain development (Fig. 6B, C) . The snoRNA host genes at 14q32 and at the PWS/AS domain are dramatically different in their content of common interspersed repeats and overall base composition (Table 1) . In both cases, a sharp transition in G þ C content is observed at the borders of the snoRNA clusters, corresponding to a striking increase (14q32) or decrease (15q11q13) in the flanking sequences (Fig. 7) . The reciprocal parental expression of the snoRNA gene clusters with regard to their G þ C content might reflect the evolutionary maintenance or function of the snoRNA regions in ways that are not yet understood.
C/D snoRNA function and evolutionary divergence
Methylation guides are evolutionary ancient molecules (detected both in Archaea and eukaryotic cells) required to modify a large panel of cellular RNAs, including ribosomal RNAs (rRNAs) and small nuclear RNAs (snRNAs) (20) , tRNAs (43) and possibly mRNAs (14) . The C/D snoRNAs identified at the two imprinted loci depart from other known mammalian methylation guides by their tissue-specific expression (Figs 3 and 6A). Moreover, in contrast to most of the other C/D snoRNAs, no statistically significant complementarity to rRNA or U snRNA within snoRNAs of the imprinted loci were identified. HBII-52 was the only exception to this (14) . Characterization of the cellular RNAs potentially targeted by these imprinted C/D snoRNAs represents a worthwhile challenge, since lack of HBII-85 snoRNA expression has been proposed to contribute to PWS phenotypes (44) . Although the human (MEG8), mouse (Rian) and rat (Bsr) snoRNA host genes share a common physical localization, their DNA sequences are not highly conserved, similar to the human and mouse host genes at the PWS/AS region (14) (15) (16) . However, in contrast to the PWS-encoded snoRNA gene copies which are relatively well conserved among each other, the Rian-encoded mouse snoRNA gene copies, and also to some extent the human 14q(I) and 14q(II) snoRNAs, are much more divergent from each other (Figs 2A and 4B and Table 1 ). The lack of strong selection pressure on the snoRNA sequence segments upstream from D/D 0 between mammals or even between snoRNA copies within the same gene cluster might suggest that these imprinted C/D snoRNAs are rapidly evolving molecules with multiple potential RNA targets. Alternatively, this may strengthen the hypothesis that they confer a genomic regulatory function rather than the alternative previously described snoRNA functions (see below).
Tandemly repeated C/D snoRNAs and imprinting
Interestingly, the 5 0 -3 0 terminal stem of most of the tandemly repeated snoRNAs at 15q11q13 and 14q32 loci exhibit an identical sequence ( Fig. 2A and Table 1 ) not shared by any other snoRNA among the scores of ubiquitously expressed, non-repeated C/D snoRNAs reported for mammals (18, 41, 45) . This could indicate that the novel tandemly repeated snoRNAs at the two imprinted loci have all evolved from a common snoRNA ancestor gene during mammalian evolution. Several observations have suggested that C/D snoRNA genes may represent mobile genetic elements (46, 47) . The tandemly repeated snoRNA arrays may well result from retrotransposition of a snoRNA gene into an intron followed by tandem duplications of the intron and flanking exon. Generation of the repeated snoRNA arrays could have occurred after establishment of the imprinted status of these loci, merely reflecting the fact that they represent 'hot spots' for DNA integration events in the germline, in relation to a particular chromatin structure. Alternatively, their occurrence could have predated imprinting and even played a role in its establishment and maintenance.
Many imprinted loci harbour non-coding RNAs having an imprinted expression opposite to that of linked protein-coding genes on the same chromosomes, raising the possibility of a role for these RNAs in silencing (3, (27) (28) (29) . C/D snoRNA hostgene transcripts could therefore be involved in gene regulation, perhaps in a manner similar to that of other chromosomal RNAs involved in dosage compensation or, like Air RNA, in the regulation of imprinted genes at mouse chromosome 17 (48, 49) . However, the snoRNA genes at 15q11q13 do not seem to play a central role in the epigenetic process, since a paternal deletion from the Snrpn to the Ube3A gene in the mouse does not affect the imprinted status of the upstream Ndn gene (50) . Rather, it has been proposed that transcription of the distal part of the snoRNA host gene might silence in cis the Ube3A paternal expression, either by RNA antisense mechanisms or by Figure 7 . DNA isochores showing differences in G þ C content within and around snoRNA gene clusters at the two human imprinted 15q11q13 and 14q32 loci. At the PWS/AS region, the paternally expressed snoRNA genes lie within a (G þ C)-rich environment, while at 14q32 the maternally expressed snoRNA genes are located within an (A þ T)-rich environment. Accession numbers of the sequences are given in bracket and the relative position of imprinted genes (boxed) is schematized.
altering local chromatin structure (21) (22) (23) . Whether C/D snoRNA host genes at 14q32 also control the expression of neighbouring imprinted genes is an attractive hypothesis that can be tested using mouse models.
Finally, it is possible that the presence of these snoRNAs reflects a brain-specific function for these imprinted genes. The PWS and AS loci, which cause distinct neurological disorders, are linked to a locus containing snoRNAs. BWS (linked to the imprinted cluster on 11p15.5, where no snoRNAs have been noted to date) is a somatic overgrowth syndrome with no evidence of neurological problems. Aberrant imprinting on chromosome 14 is associated with both growth and neurological anomalies in mUPD14 and pUPD14 individuals. The former exhibit precocious puberty and are growth-retarded, while pUPD14 patients have defects of the axial skeleton and mental retardation (51) (52) (53) . It is tempting to make functional associations between developmental growth regulators on chromosome 11p and on 14q, and between the neural-specific snoRNA genes on chromosome 15q and on 14q.
In conclusion, we have shown that a second imprinted locus in humans, 14q32, in addition to the previously reported 15q11q13, encodes arrays of tandemly repeated C/D snoRNA genes, and that this outstanding feature of the locus is conserved in human and rodents. Imprinted snoRNAs have only been detected within eutherian mammals so far (15, 37) . Given that genomic imprinting might be restricted to marsupials and placental mammals (54), a detailed sequence analysis of the orthologous 14q32 and 15q11q13 loci in noneutherian mammals together with systematic sequence searches of a large set of imprinted loci in mammalian genomes should provide further insight into the potential significance of this intriguing association between genomic imprinting and the presence of these unusual tandemly repeated snoRNA genes.
MATERIALS AND METHODS

Oligonucleotides
These were all synthesised by Y. de Préval (LBME, Toulouse) on a PerSeptive Biosystems Expedite apparatus. 14q (0) Mice with matUPD12 and patUPD12
E15.5 embryos with matUPD12 and patUPD12 and normal control littermates were generated by intercrossing parent animals of two different genetic backgrounds that were double heterozygotes for Robertsonian translocations with monobrachial homology for chromosome 12, as described previously (55) .
RNA isolation and northern blot analysis
Total RNA was isolated by the method of Chomczynski and Sacchi (56) , adapted to our conditions as follows. Rodent tissues freshly prepared according to French institutional and UK HO guidelines were quickly frozen in liquid nitrogen and stored at À 80 C. Frozen samples were then homogenized and resuspended in a 1 : 1 (vol : vol) mixture of (i) 4 M guanidinium thiocyanate, 25 mM sodium citrate (pH 7.0), 0.5% Sarkosyl 0.1 M 2-mercaptoethanol and (ii) water-saturated phenol. This mixture was then supplemented with sodium acetate (pH 4.0) to 0.1 M. The lysate was mixed with 0.1 volume of chloroform, vigorously vortexed and incubated for 10-15 min at room temperature. RNA was precipitated with 2 volume of ethanol and stored at À 20 C. RNAs were fractionated by electrophoresis in 6% acrylamide-7 M urea gels, transferred electrophoretically (120 min in 0.5 Â TBE at 1.0 A) to a nylon membrane (Hybond N þ , Amersham) and crosslinked by ultraviolet irradiation (1200 J/cm 2 , Stratalinker, Stratagene, La Jolla, Calif.). Northern blot hybridizations were carried out in the presence of a 5 0 -end 32 P-labelled oligodeoxynucleotide probe (500 000 c.p.m./ml) by overnight incubation at 50 C in 5 Â SSPE, 1% SDS, 5 Â Denhardt's, 150 mg/ml yeast tRNA. Membranes were washed twice for 15 min at room temperature in 0.1 Â SSPE/0.1%SDS.
RT-PCR and cDNA clones
Ten micrograms of total human or mouse brain RNA was reverse-transcribed at 42 C for 120 min, using Superscript II (Gibco BRL) with random hexamer primers and 1/40 of cDNA products amplified by 40 cycles of PCR with Taq polymerase (Promega). PCR product cloned into in pGEM-T easy system I vector (Promega) and IMAGE ESTs clones (T85042, AW026953, BF055187, AA451995, AA861571, AA910544, AA680166, AA910544 and AA433836) provided by UK-HGMP RC (http://www.hgmp.mrc.ac.uk/) have been sequenced by the CEQ 2000 DNA analysis system (Beckman).
